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The extraordinary diversity of the com'bustion phenome- 
na and their significance for the most important fields of 
engineering application have given rise to a large number 
of investigations hoth experimental and theoretical the 
ohject of which is to give a chemicophysical description 
of the various types of comhustion. The most urgent as 
v/ell as the most complicated problem is that of finding the 
relation "between the various combustion processes (for ex- 
ample, s elf— ignit ion , flame propagation, detonation) and 
the kinetics of the chemical processes involved (complex 
chains of oxidizing reactions) that lie at the basis of 
every phenomenon of combustion and inflammation. Only the 
first steps have been taken in this direction, limited for 
the most part to a mere statement of the problem to be in- 
vestigated and an indication of the methods of investiga- 
tion to be followed, but v/e are still far from any theoreti- 
cal generalizations which would enable us, at least for 
the simplest cases, to determine by computation the temper- 
ature, limiting pressure, or s elf— ignit ion lag, velocity 
of flame propagation, detonation limits, etc, for any 
given physicochemical conditions. 

The setting up of a general theory of combustion is 
rendered difficult by the complexity of the phenomenon, 
associated with the simultaneous effects of purely physico- 
chemical factors (heat generation and hydrodynamics), and 
the mechanism of the preignition processes and kinetics of 
the reaction. 

Notwithstanding the progress made in the development 
of these fields of physical chemistry especially in the 
working out of a general theory of chain reactions, we are 
still constrained to make use of more or less hypothetical 
schemes even v;hen considering the very simplest chemical 
systems, such as + 0_ or CH,^ + 0_. As an example, let 

us consider one of the schemes giving the successive ele- 
mentary reactions in the combustion of methane, as proposed 
by Semenoff (reference l) and lirorrlsh (reference 2). 



*Progr. Phys. Sci. (USSH) 23, no. 3, 1940, pp. 209-250. 
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According to this pchejne the chain reaction is "begtin > 
"by the reaction of a jnoleciile of OH^ v/ith atomic ozygen 

(which thus presupposes a preliminary dissociation of the 
oxygen molecule into atoms); 

+ CHg + H^O. 

The chain is then extended through the radicals CHg and 
atooic oxygen 0: 

CHg + — > ECHO + 0; 
0 + CE4 — > HgO + GEg 

Besides this fundamental chain there is possihle the for- 
mation of nev/ chains fchat is, iDranching chains), for ex- 
ample, as a result of the oxidation of formaldehyde: 

BCEO + — > E3O +00+0; 
0 + CE4 — OEg + E3O 

¥e may note the fact that this scheme figure, together v;itlo 
others, only as one of the many possible reaction mechanisms 
and, vrhat is more important that the separate stages of this 
scheme have not "been confirmed "oy any direct experiment, 
hut have received only a numoer of incidental indirect ex- 
perimental proofs, as, for example, the establishment of 
the existence of the free radical CH^ (reference 3). 

xhus our present-day conceptions as to the concrete 

mechanism of the ignition i-eactions are in no case based on 

indisputable experimental data and appear only as ptobable 
hypothetical schemes. 

The most important problems of investigation are there- 
fore the chesica.1 nature of the combustion reactions and 
the explanation of those lo.ws vhich connect combustion v/ith 
the general kinetic character of combustible mixtures. 

In our present article v/e exclude from consideration 
investigations of a purely chemical nature notwithstanding 
their undoubted importance both for the theory of combus- 
tion and for certain technical problems (especially for 
problems of detonation in the internal combustion engine). 
Our paper is therefore devoted essentially to those investi- 
gations of recent years in v/hich nev/ combtistion phenomena 
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or nev7 methods of studying them experimentally are "brought 
out or to investigations that throw new light on already 
knovm phenomena, 

sisLr-i&iriTioiT OP gaseous HIXIUHES 



The gradxxal increase in the temperature of a oomVusti— 

■ble mixture at constant pressure or increase in the pressure 
at constant temperature leads to an acceleration in the 
velocity of reaction until the rate of heat liberation 
starts to exceed the rate of heat conduction to the walls 
of the vessel. As a result, there is a progressive self— 
heating of the comhust iT3le mixture that leads to a, still 
greater spontaneo\is increase in the velocity of the re- 
action and practically instantaneoiis development of heat 
of reaction vrithin a certain volume of the gas; that is, 
to its inflammation. 

The alDove conception of the limiting conditions of 
s elf— ignit ion \iras expressed "oy Van't Hoff (reference 4) in 
the follovring I'ords: "The temperature of s elf— ignit ion is 
that tenperature at v;hich the initial loss of heat caused 
"by heat conduction, and so forth, is equal to the heat ■ 
v/hich at that instant is produced by the chemical change." 
In o,ccordance with this conception, the explosion itself 
should bo preceded by a period of relatively slow increase 
in the velocity of the chemical reaction corresponding to 
the slou rise in the temperature, at times hardly noticeable. 
This interval (called the induction period or the self- 
ignition lag) can be visually observed, foi- example, on the 
admission of a combustible mixture into a bomb provided at 
one end with a window. Under certain conditions, as for 
the mixture of methane or ethane with air at temperatures of 
about 500*^ C, explosion can occur only after an interval of 
several .j.iiniites after admission of the mixture into the 
heated bomb. This means that for s elf— i£;nit ion to occur it 
is not sufficient merely that the mixture be heated up to 
a certain temporaturo beyond tho limiting tenjpc^a-tur e but a 
definite tine interval is necessary for the development of 
the pr einf lammation reaction corresponding to the induction 
period. S'or many practical cases the possibility of ex- 
plosion itself is conditioned by the time factor. 

Let ^i.B consider the question of the application of 
electric safety lani^s in an atmosphere containing combusti- 
ble gases, for example, in coal mines where the presence of 
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methane is possihle, or in naphtha tankers where the atmos- 
phere may contain the vapors of various hydro car hons en- 
tering into the composition of naphtha and its products 
(pentane, etc.). In the case of accidental breaking of 
the glass hulh of the lamp in such an atmosphere an ex.— 
plosion is possiole from contact of the gas isrith the glow- 
ing filament heated to a temperature of ahout 3000° C; 
that is» much higher than the minimum self— ignit ion temper- 
ature of any comljust i"ble mixture (for methane it is less 
than 500°— 450 C). lo prevent explosion, such lamps are 
provided vrith special automatic cutouts that disconnect 
the circuit at the instant the protective covering sur- 
rounding the electric lamp and filled '.^ith inert gas under 
pressure is broken. Immediately after disconnection of 
the circuit the hot filament and the combustible mixture 
coming in contact v/ith it partly diluted v/ith the inert gas 
start to cool, the rate of cooling depending on the filament 
temperature. As measurements have shown, hov/ever, this 
temperature of the filament at the instant of contact v;ith 
the combustible mixture is considerably higher than the 
minimum self— ignit ion temperature, Eence the possibility 
of preventing explosion will depend primarily on the length 
of the induction period corresponding to the given temper- 
ature conditions. In the case of methane or pentane, vrhich, 
as experiment has shown, self— ignite v;ith a relatively long 
delay period (of several seconds), it is possible to design 
an efficient safety lamp, Ihese lamps are found, hov/ever, 
to be q^uite unsafe in an atmosphere containing hydrogen 
(in potassium mines, for example) in correspondence with 
the fact that for this gas the s elf— ignition lag is exceed- 
ingly short (of the order of 0.01 sec ) although the mini- 
mum s elf— ignit ion temperature differs little from that of 
pentane ( als.o about 500° C). 

The existence of the s elf— ignit ion lag shovrs up in the 
fact that self— ignit ion under no experimental conditions 
occurs simultaneously throughout a sufficiently large volume 
of gas heated to the self— ignit ion temperature. If, for 
example, the combustible mixture is heated to the self- 
ignition temperature by adiabatic compression, then, as 
observed by Dickson (reference 5) v;ho photographed the 
process of the' flame development on a film moving in a di- 
rection perpendicular to the axis of the bomb), self- 
ignition occurs always at some point. This fact is a re- 
sult of the unavoidable non— unif ormity - of the temperature 
distribution and especially of the active centers, so that 
at any relatively small part of the volume xirith maximum 
temperature and concentration of active molecules the 
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conditions exist for an earlier completion of the induc- 
tion period,* The local occurrence of inflammation, as 
shovm "by the flame photographs of figure 1, is propagated 
over the rest of the volume of the gas almost in the same 
manner as the ignition of a cold gas "by an electric spark. 
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As follows from the definition of self— ignition, the 

latter is determined by the condition where the increase 
in the temperature at constant pressure gives a rate of in- 
crease in the velocity of the reaction and liberation of heat 

- 

ccording to the law of Arrhenius: w ~ Qa = Ae "^^/^ , 

considerably greater than the loss in heat from heat trans- 
fer, which may be taken as proportional to the difference 
in temperature between the gas and the surrounding medium 
(Qb = k( I — To)). In exactly the same manner the reaction 

velocity and heat liberation increase with rise in pressure 
at constant temperature v;hen the heat lost by transfer in 
general does not change with the pressure and the reaction 
velocity is proportional to a certain pov/er of the pressure 
(for example, w ~ ap2 for a bimolectilar reaction;. Prom 
this it evidently follows that it is incorrect to consider 
the s elf— ignit ion temperature as a physical constant for a 
given mixture but that its value may within v/ide limits 
vary with the conditions under which the heat is liberated 
(diameter of the vessel, character of heat transfer to the 
walls of the vessel, etc). 

On the basis of the above considerations Semenoff was 
the first to give a mathematical formulation for the limit- 
ing condition of self— ignition, namely, as the condition 
of ec|.uality of heat loss and heat gain from the reaction. 
Graphically this corresponds to the condition of tangency 
of one of the ctirves ( 2 in fig, 2) showing the variation 
xi^ith temperature of the amount of heat liberated per second 

^ _ B \ 

at various press^ir es V^, according to the lav; Qa = Ae "^^/Z 
and the straight line of heat lost by heat transfer as a 
function of the gas temperatvire for constant temperature of 
the bomb Tq (corresponding to the law Qt3 = lc(T — 5?o ))• pressure 

*0n the manner of formation of those temperature fluctuations 
in the gas, soo Semenoff (loc, cit, 114) and JTorrish (refer- 
ence 6' ) , 
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to which curve 2 tangent to the straight line corresponds 
is the critical mininum pressure at v/hich self— ignit ion is 
possilDle for the given temperature of the TjonlD, The con- 
dition of tangency gives the following relation hetv/een the 
critical pressure and the self— ignit ion tenperature: 

i_ e -J-o zz const 
V2o> 



or Ig fr = TS— + 3 where A = — and B is a constant 

-1-0 Tq nil 

depending on the composition of the mixture and on the 
physical conditions of the explosion (in particular, on the 
conditions of heat lioeration, for example, the diameter of 
the ves s el ) . 

The formula of Semenoff not only gives the relation 
oet\;een the values of the critical pressure and t enp er atixre 
of s elf —ignit ion but their dependence on the Icinetic proi^- 
erties of the mixture as determined Tjy the energies of ac- 
tivation (constant A) and the physical conditions of the 
explosion (constant 3) and thus the method is indicated of 
computing the self— ignition limits. 

On the hasis of the work of Semenoff a more rigorous 
theory of thermal explosion v/as then developed in the 
papers of Todes (reference 7) and ?r ank— ICam enet sky (refer- 
ence 8) v/hich shov;ed the possi'bility of computing the self- 
ignition temperature and pressure under definite conditions 
of heat liheration for very simple tj^pes of reaction (for 
examjjle, the explosive decomposition of ITgO (references)), 

Ihe formula of Semenoff has "been frequently confirmed 
experimentally, at first hy Zagulin (reference 10) s.nd later 
"by a numhor of other investigators under conditions of ex- 
plosion at low pressures (of the order of several centimeters 
Hg). Under these conditions there v^as always observed a 
lovj-ering of the. critical s elf— ignit ion temperature in exact 
correspondence v;ith the formula, 

A further extension of the field of experiment to self- 
ignition at higher pressures (especially important for hj^— 
dr ocar bon— air mixtures and applicable to jiroblems of the 
internal combustion engine) has brought out the limit of 
applicability of Semenoff s formula.* This is clearly shovm 

*See the cori-esponding remarks in the papers of ITaylor and 
Wheeler (reference ll) and our ov/n (reference 16). 
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tiy the appearance of the limiting ciirve of the self- 
ignition region in figure 3, typical for the majority of 
hydr ocarTaons , ■ Only a small portion, corresponding to low 
pressu.res and high temperatures ( AB in fig, 3), girea 
such a lowering in the critical pressure v;ith rise in 
self— ignition temperature as required by Semenoff's formu- 
la, Por the remaining larger portion of the limiting 
curve experiment gives another relation "between these e::— 
plosion parameters, for example, an increase in Pexpl 

with increase in 5? on the portion BO corresponding to 
the upper limit of self— ignit ion (where the s elf— ignit i on 
vanishes v/ith increasing pressure at constant temperature) 
or almost a complete constancy of the critical pressure 
v;ith change in temperature within wide limits — from 400° 
to 450° to 300° 0 on the portion DE , corresponding to the 
transition from the upper temperature zone to the lovjer 
temperature zone of self— ign it i on ; * or vice— versa an al- 
most complete constancy of s elf— ignition temperature i^ith 
change in pressure v/ithin wide limits (from 2 to 30 to 40 
atm) on the portion corresponding to the minimum self- 
ignition temperature temperature. 

Without considering in detail the cause which gives 
rise to the different variation of the t\iO es-plosion pa- 
rameters, namely, the temperature and pressure of self- 
ignition, we may observe merely that this in no way con- 
flicts v;ith the correctness of the considerations upon 
v/hich the formula of Seraenoff is "based hut is associated 
either with the specia.l effect of the pressure on the 
development of chain reactions (for e3:ample, with the in- 
creased "breaking of the reaction chains and the increased 
difficulty of self— ignit ion due to the increased num"ber 
of triple impacts with pressure rise) or v/ith the fact 
that the pr einf lanmat ion reactions in the lovj— t emperatur e 
zone consist of several opposing processes reacting differ- 
ently on the variations of the temperature and pressure. 
Independently, however, of these reasons the conclusion 
is indisputa'ble , namely, that the s elf— ignit ion tempera- 
ture not only is not a physioochemical constant for a 
given com'busti"ble mixture (since it depends very largely 
on a numher of physical conditions detera,ining the charac- 
ter of the heat liheration of the reacting gas), "but the 
very concept of s elf— ignition temperature has no physical 
significance if the corresponding pressure is not simul— 
taneously indicated, 

*According to the tests of Tov:nend (reference 12) on this 
portion of the curve there is even a sharp drop in Pexpl 
with decrease in temperature a fact associa,ted v/ith cir- 
cumstances of his experimental procedure (reference 13). 
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In exactly the same manner the self— ignition temper- 
ature and pressure are closely Tjound up with the time 
factor, namely, the corresponding induction period. The 
quantitative relation "between the induction period and 
the self— ignition temperature was first given "by Hizard 
and Pye (reference 14) in their fxmdamental self— ignit ion 
investigations at adiaTsatic compression. Subsequently a 
more general formula was derived "by Semenoff giving the 
relation Tsetween all three explosion parameters— press^ire 
(p), temperature (T), and ind^iction period (t). Ihe 
formula followed from the general lav; of the development 

of the reaction velocity with time: X'j- = ae*?* and the 
general condition for s elf— ign it ion 9T = const, where 

_ ;y_ 

3? 

<p = pi'ie 

The general formula Tp^-e = const was first ex- 
perimentally estahlished hy ITeiman and Yegorov (reference 
15) for the s elf —ignit i on of methane at low pressures. 
As follo\rs from the formula, the induction -period shovild 
decrease v/ith in.creasing pressure and rise in temperature. 
She effect of the latter is especially large for a suffi- 
ciently large value of the temperature coefficient y. 
Ihus for y ~ 20,000 (and in certain cases its value is 
still higher) an increase in the temperature of 1C° at 
300° C almost halves the ignition lag. 

The same relation "between the ignition lag and the 
temperature may he considered also from a different point 
of viev/, namely, s elf— ignit ion should occur at a lower 
temperature ("but not "below the minimal) the greater the 
time allowed for the development of the pr einf lammation 
reaction. 

The extension of the field of experiment to higher 
pressiires also showed, hovrever, the limited applica'bility 
of this formula in its general form, for example, the 
constancy of the lag for hydro car hon— air mixtures in the 
temperature range 400° to 600° C, and conversely, the 
constancy of the lag v/ith pressure in the lov'— temperature 
range 400° to 280° 0 (reference 16). Investigation at 
high s elf— ignit ion pressures of hydrogen— air mixtures 
shovred that for those the induction period does not depend 
on the temperature and sharply decreases with rise in 
pressure over the entire temperature interval: 500° to 
700° C. Thus the s elf— ign it i on of hydrogen— air mixtures 
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at p > 1 to 1.5 atm is descrilDed "by the formula: Tp^ = 
const independent of the temperature at which the self- 
ignition occurs (reference 16). In the or iginal' papers 
are given examples of the use of these experimental re- 
sults for the practical treatment of important explosion 
phenomena. 

On the.haais of the fact that the self— ignition tem- 
perature is not a chemicophysical constant there has "been 
observed a tendency among a niimter of recent investigators 
to exclude, in general, all explosion parameters (T, p, t) 

.taken from physical chemistry and substitute for them basic 
magnitudes which directly characterize the kinetics of the 
process, for example, the reaction velocity, its energy of 
activation, etc. This tendency is somev;hat justified hy 
the difficulty of constructing a strict theory of flame 
propagation making use of the explosion parameters. iTheir 
experimental values and, in particular^ the relations exper- 
imentally established between them provide, however, a 
correct orientation for the consideration of many techni- 
cal problems. If, for example, the absolute values of the 
induction periods, measured on air mixtures of hydrogen 
or pentane under definite laboratory conditions cannot be 
applied to actual explosion conditions (for example, ex- 
plosion from a heated lamp filament) these values of the 
induction periods nevertheless provide a desired criterion 
for judging the relative safety of the apparatus in an at- 
mosphere of pentane and hydrogen. 

Ihe comparison study of the induction periods of heavy 
Diesel oils in a bomb under conditions, in general, differ- 
ent from those in the Diesel engine nevertheless makes 
possible a correct estimate of the characteristics defined 
by the so— called "cetene number" (references 17 to 19). 

The bomb investigation of the relation between the 
self— ignition lag of light engine fuels and the pressure 
and temperature in various temperature intervals has led 
not only to a number of important conclusions on the con- 
ditions under vrhich detonation occurs in the spark— ignit ion 
engine but also to a correct quantitative relation between 
the value of the temperature coefficient y for the in- 
duction period and tho critical degree of compression char- 
acteristic of the detonation properties of the engine fuels, 
(See reference 2O0 



10 



HACA lechn-ical Memorandum Uo, 1025 



IlTVESTIGATIOlSrS Oil SHORT lUDu OSIOJST. P3EI0DS 



Method of rapid admission .— Ihe visual measurement 
of ignition lags is possible only under restricted con- 
ditions either low pressures or lov/ temperatures (near 
the ninimvim tenperature) for lags not less than 2 to 3 
seconds. Of greatest practical interest, hov/ever, is the 
study of short ignition lags. In the v;ork of our laTsora— 
tories (the first systematic investigations of self- 
ignition with short lags) there was successfully used the 
method of auick admission, schematically shown in figure 4. 

The comhust ihle mixture from the vessel 1 is ad- 
mitted to the heated. TDonb 2 through a qui ck— act ing spring- 
loaded nozzle 3 so that the entire filling process of the 
homl) takes place in 3 to 5 X 10"^- second. The rapidity 
of the admission, the fundamental characteristic of the 
method, is required for the study of short induction periods. 
The induction period is measured with the aid of an optical 
diaphragm of nanometer 5 by photographically recording the 
pressures, A sample recording is shown in figure 5, The 
Induction period here corresponds to the horizontal part 
of the pressure diagram from the instant of completion of 
admission to the sharp rise of pressure on explosion. 

In addition, however, to determining the induction 
period a detailed investigation of the pr e— explos ion pro- 
cesses in the gas is very important. This is a problem of 
great practical difficulty since it is sometimes necessary 
to measure the extremely small pressure variations due to 
the slow reactions during the induction period vrhile simul- 
taneously recording explosion pressures of the order of 
tens of atmospheres. The difficulty is, hov/ever , entirely 
eliminated by the use of an optical differential manometer 
applied by ITeiman and his coworkers (reference 21), Eane 
(reference 22) and in its most perfected form in our labo- 
ratories (fig. 6). 

The manometer is divided by a thin diaphragm 1 into 
two chambers, one of v;hich communicates v.'-ith the vessel 4 
and the other with the bomb 6. The vessel 4 is provided 
v;ith an electromagnet ically operated nozzle that closes 
the admission passage by the action of a spring and opens 
vrhen the circuit through coil 5 is closed. The thin dia- 
phragm of the manometer is connected with an optical sys- 
tem and is stopped on both sides by the thick perforated 
membranes 2 and 3, When the vessel 4 is filled to the 
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given pressure ( 10 to 15 aim) the thin diaphragm presses 
against the stop and is deflected in corr esppndence with 
the increase in pressure on filling the vessel. 

This pressure is recorded on the film as line a— h , 
figure 7, When the mixture is admitted to the initially- 
pumped— out homh the pressures in the tv/o chamhors of the 
manometer Isalance and stop 2 together with the diaphragm 
return to the initial position. She process of "balancing 
the pressures in vessels 4 and 6, that is, the admission 
process, is recorded on the film as line h— c , making it 
possihle to control the admission rate which, as shovm "by 
experiment, is particularly important for the' stabiliza- 
tion of the self— ignit ion conditions (reference 13). On 
the diagram there is furthermore fixed the instant of dis- 
connection of the electromagnet d, Ihe bomb now communi- 
cates with only one chamber of the manometer. Che pressure 
increase ( e— f ) from the reaction is recorded at first only 
by the thin diaphragm 1 and then starting with pressures 
higher than 100 millimeters up to the explosion pressure 
by the simultaneous deflection of the thin diaphragm and 
the thick one 3. At the initial pressures (5 to 10 atm) 
our differential manometer records change in pressure 
doiirn -to 5 millimeters and explosion pressures. 

The photo record of figure 7 was taken under condi- 
tions of lov/— t emperatur e self— ignit ion of a mixture of 
pentane and air. We are dealing here with a two— stage 
s elf— ignit ion process, first studied by Townend (refer- 
ence 12), Heiman (reference 21), and Kono (reforonco 22). 
The explosion itself in this case is preceded by tho for- 
mation of a cold flame giving the products of the incom- 
plete oxidation of the hydrocarbon. 

The sensitive diaphragm of the differential manometer 
shovis no noticeable increase in the pressure (and probably 
the temperature) during the induction period T^^ up to 

the moment of the occurrence of the cold flame. We are 

therefore dealing here v/ith an isothermal process in which 
the development of the pr e inf lammat i on resection is deter- 
mined exclusively by the branching of reaction chains. An 
increase of the pressure in the cold flame characterizes 
its intensity and the degree of oxidation of the- hydro- 
carbon. 

After the cold flame and induction period thermal 

explosion occurs at a relatively higher temperature vrith 
the formation of the products of complete combustion CO 
and HgO. ^ 
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The study of "both stages of the explosion process hy 
these methods together with the chenical analysis appears 
very promising not only for learning the mechanism of self- 
ignition hut also for throwing light on the urgent tech- 
nical prohlems connected with the kinetic characteristics 
of ant idet onat ing fuels. 

Method of flow t h rough a tuhe .— If the comhustible 
mixture is admitted through a tuhe heated to a certain 
temperature then at a sufficiently high velocity of the 
flov the self— ignit i on vanishes, the tine in which the 
gas is in the tuhe heing less than the induction period 
corr espondi'ng to the given temperature. The necessity, 
hovjever , of applying high velocities renders this method 
difficult for the study of short ignition lags. 

An attempt to get around this difficulty was made "by 
Sachsse (reference 2S) hy estal)! ishing along the tuhe the 
temperature diGtritution shown i;a figure 8. Hhe passage 
of the gas through the cross sections of the tube with 
gradual increase of the temperature from 100° to 820° C is 
considered hy the author as a process of v/arning up and 
only the time of passing through the small portion with 
the Eiaxinun temperature ( 820° to 850° C) serves in his 
tests as a neasure of the induction period corresponding 
to this temperature, 

Ihe limitation of this method of measuring the in- 
duction period is ohviou.s since the time of preliminary 
preheating of the mixture (during which chemical changes 
are unavoidable) is six times as large as the time in- 
terval during which the mixture is at the maximum tempera— 
tur e • 

Thus the condition is neglected which is put at the 
basis of our method, that is, that in measuring short in- 
duction periods the time of preliminary preheating should 
be less than the minimum value of the induction period 
(or comparable with it). 

Measurements by the method of Sachsse will therefore 
lead to an impairment in the results v;hich will be the 
greater the more the mixture reacts during the preheating, 
For methane, for v/hich a-ppreciable reaction velocities are 
possible only at relatively high temperature (near the 
maximum temperature of the tube) this method may give a. 
value of the induction period relatively near the true value. 
For higher hydrocarbons, however, that start to oxidize at 
considerably lov/er temperature the method of Sachsse v/ill 
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give results knov/n to lie incorrect, for example, to the 
maximum temperature there will arhitrarily correspond 
temperature coefficients that belong with the lower tem- 
peratures of the preliminary heating. 

Method of heated particles .— One of the possihili— 

ties of explosion of a mine gas is by ignition from heated 
particles from various sources, for example, friction 
sparks (from certain rock— cutting machines). The investi- 
gation of the self— ignit ion of. combustible gas mixtures 
due to heated particles carried through the gas at defi- 
nite velocities besides being of practical interest pro- 
vides a method of studying self— ignition for the case of 
very short ignition lags. 

The scheme of such a method as employed by Silver 
(reference 24) is shown in figure 9, The small sphere (of 
q.uartz or platinum) is heated in a quarter tube PP to a 
certain temperature measured by an optical pyrometer. By 
compressed air the sphere is projected out from the tube 
and passes at a certain velocity into a brass box filled 
with the combustible mixture to be tested, The valve for 
the admission of air into the tube PP is opened by the 
freeing of a clutch ( s cheinat ically represented by TS ) 
while simultaneously the electric circuit is closed in the 
solenoid. The iron core 1 then lifts the plate S so that 
the slot SI makes PP comiunicate with the box. The 
latter is provided v/ith the screen T that reflects the 
sphere and with a cellophane diaphragm CP. the rupture of 
which serves to indicate the s elf— ignit ion of the gas. 
Approximately the sane apparatus was used in more recent 
tests of the same laboratory (Glasgow University) by 
Paterson (reference 25) with the added provision of measur- 
ing the velocity of the sphere v;ith the aid of a ballistic 
pendulTim and with a device for preventing the compressed 
air from entering the explosion vessel together with the 
sphere. 

At relatively constant velocity of the sphere (3 to 
5 m/sec) Silver measured the limiting tempera^ture at which 
inflammation of the mixtures of air v/ith pentane, illumi- 
nating gas, and hydrogen was possible immediately after the 
sphere reached the explosion vessel. The method of Silver 
thus essentially provides a measure of the self— ignition 
temperature of a gas from heated surfaces for constant ig- 
nition lags near zero. Under these conditions, as seen on 
figure 10', the self— ignition of the gases occurs at lower 
temperatures the larger the diameter of the heated sphere. 
Particularly large for such ignition lag is the self- 
ignition temperature of methane for which self— ignit ion 
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could "be obtained only with a sphere of diameter of 3,5 
millineters at a temperature of al)out 1200° 0, 

Silver considers the self— ignit ion process of the 
gaseotis envelope surrounding the heated sphere from the 
point of view of the thermal theory. Tot a layer of gas 
of thicl-zness dr su.rr ouzading a sphere of diameter a = 2t, 
the condition for s elf— ignit i on v;ill "be given "by the 
ecLxiality of the heat loss in the surrounding medium at 
temperature Tq an6. the heat liTsera^ted in the sane layer 
of the gas hy the reaction. The heat losses are computed 
as the difference "between the heat conducted through the 
surface of the layer in the surrounding gas and the heat 
entering the layer from the sphere, 8nap(iI!T;— 2o ) 
v/here p is the heat transfer coefficient. 

The heat given off "by the reaction in this layer is 

A 

equal to 4TTaSdr Q,pe P \i:here 3 is a constant includ- 
ing the ejiponential factor in the equation of Arrhenius, 
Thu.s the heat gain increases more rapidly \/ith increase 
in the diameter of the sphere (proportional to a^) than 
the heat loss (proportional to a), which fact also explains 
the facilitating of s elf— ignit ion with increase in the 
sphere diameter. 

The self— ignit i on condition is o"btained "by Silver as 
the equation 

__A 

Snap (Tp - To) dr = 4na^drqe,e ^"'^P 
vhich nay "bo "brought to the form 

A 



^ a ^2p RTp 

This equation well descri"bes the experimental results 
shown in figure 10 "but with somewhat unusual consequences. 

rp_ 171 

The values of plotted against ~ give as 

T-p 
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follows froa the ecjuation, a straight line. I'or all gases 
invest ig3.t ed , however. Silver oTatains the sane slope for 
the lines, that is, the same value of the activation energy, 
froE 20.5 to 22,5 calories. In the opinion of Silver th.is 
neans that under the given conditions the s elf— ignit ion of 
the gas is the result of a heterogeneous reaction on the 
surface of the sphere although this explanation little agrees 
v;ith the identical results ohtained hy hin for q.uartz and 
platinun spheres. 

Paterson investigated the effect of the velocity of 
the particles on the s elf— ignit ion temperature of illuminat- 
ing gas, an increase in the temperature with increasing 
velocity of the particles "being taken "by Paterson as proof 
of the fact that the s elf— ignit'ion process nust not "be con- 
sidered from the point of view of the "stirface theory" only 
and that a considerahle part is here played "oy the "mecha- 
nism of the energy transfer, vAether thermal or "by a chain 
process." The character of the surface, however, (condi- 
tioned, for example, "by previous use of the spheres for ex- 
plosion tests) is also of fundamental importance. 

Analyzing the s elf— ignit i on process as Silver does 
from the point of vie\r of the thermal theory Paterson con- 
siders the heat transfer as mainly convective. Hence in 
the formula for the heat transfer 



= Aa;j,c-n (Is - ^ a) 

dt 

where the P.eynolds numher Re = 2Tap/ij, the velocity enters 
so that the heat is proportional to </7~. Paterson obtains 
a relation of the form 

_ 

D(!I!s-I«) T^''^ = Pa=''% 



where D is a constant that includes the density, viscosity, 
and heat of the reaction. 

As may he seen, the relation ohtained by Paterson he— 
tv/een the self— ignit ion temperature and the velocity of the 
particles in no v/ay indicates any variation with the tempei^ 
ature of the s elf— ignit ion lag, v/hich in this case, as also 
in the tests of Silver, remains constant and near the value 
zero. An increase, however, in the self— ignition temperature 
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with increase in the velocity of the particles, as follov/s 
from the given formula, is directly associated with an iii-^ 
crease in the heat loss from convection proportional to . 

Che equation of Pater son, presupposes moreover a lower- 
ing in the self— ignit ion temperature at constant velocity 
(V) and diameter of particle (d) v/ith rise in the temper.'^— 
ture of the gas ( Tco ) . As has teen sho\;n 'bj'- tests, hotj/ever, 
a rise in the initial temperature even "oy 200° C in no was' 
shoTired any effect upon the magnitude of the minimum tempera- 
ture of the particle. 

The tests of Silver and Pater son do not j^rovide any 
direct experimental data as to the dependence of short ig- 
nition lags on the temperature and consequently cannot he 
used for checking the nondependence of short ignition lags 
on the temperature as found in our tests. Some results of 
the vrorks considered, hov;ever, especially the nondependence 
of the temperature coefficient on the properties of the re- 
acting gas, undouht edly indicate a specific chai'acter of the 
s elf— ignit ion under conditions of short lags and lend spe- 
cial interest toward further investigation in this direction. 

PLAME PROPAGATlbiT 



Hormal co m'pust ion .— Kondet onat ing comhtistion presents 
a comialicated phenomenon in which the motion of the gas 
itself is unavoidahly included along with the propagation 
of the reaction zones vjith respect to the gas. Chis com- 
plication lies in the very nature of "slov:" "burning in that 
the velocity of propagation of the reaction zone with re- 
spect to the gas (a process conditioned hy heat condLiction 
and diffxision) is consideralily less than the velocity of 
propagation of the compression waves which are formed in 
the process of inflammation of each layer of gas and its 
suhsequent pi'opagat i on , 

Che propagation of these disturbances in the gas occlTts 
with the velocity of sound; wher eas the velocity of propa- 
gation of the reaction zone rarely exceeds a few meters per 
second. Shis unavoidahle separation of the mechanical ef- 
fect of comhustion from the comhustion zone itself prodiices 
a mass flow of the gas ahead of the flame front. Che prop-- 
agation of the reaction zone th^is occurs in a moving gp.s 
and it is necessary to take account not only of the motion of 
the gas along the axis of the tuhe (the velocity/ of vrhich 
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is simply added to the velocity of propagation of the re- 
action zone V7ith respect to the stationary gas) "but also 
of disordered tuf "bulent inot ions that increase the heat 
transmission from the combustion zone to the fresh gas. 

The turljulence formed ahead of the flaune front in 
"slov;" comhustion is a fundamental factor in causing ex- 
plosions "by coal mine dust. The ignition of mine gas 
(methane) would in itself present no serious danger in view 
of the relatively small quantities if it were not a prin- 
cipal cause of the explosion of coal dust. The air motions 
themselves ahead of the flame front raise the coal dust 
from the ground mixing the dust vrith air and thus form a 
medium in v;hich the explosion is propagated with continu- 
ally increasing velocity (sometimes above 1000 m/sec) and 
develop considerable pressure (higher than 10 atm). The 
formation of a dust cloud ahead of the flajne front is seen 
on the photograph of figure 11 taken at a certain time be- 
fore the appearance of flames at the mouth of an experi- 
mental mine. 

The investigation of the air motions ahead of the 
flame front is one of the most important problems carried 
out in adits under conditions accurately reproducing those 
of mine explosions,* and among the various means taken for 
the prevention of explosions not the least important are 
those the object of which is to make difficult the forma- 
tion of dust clouds. 

The investigations of Coward (reference 26) of recent 
years have brought otLt still another important factor on 
which the velocity of flame propagation depends: namely, 
the change in the flame front itself under the effect of 
"convection flows caused ty differ.ences in the densities of 
the burning and the fresh gas." Successive photographs of 
a flame front, obtained by Cov/ard in various stages of prop- 
agation along the tube, show that a plane wave front, or as 
is often assumed, a hemispherical front is in most cases an 
arbitrary idealization. The flame front, as seen in the 
photographs of figure 12, curves continuously and elongates 
as it is being propagated so that its surface area is con— 
siderably above the cross— sect ion al area o'f the tube. 

♦Por a description of these experimental methods see the 
book of Dolgov and Levitsky, Explosive Properties of Coal 
Dust. Charkov, 1933. 
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Starting from the fact tha,t tiip vPli-"L2ie of gas "burn- 
ing per unit of time is proportional the area of the 
flame front. Coward introduces the concept of "fundamental 
velocity" of flame propagation (equivalent to the previ- 
ously used term "normal velocity") as "the linear velocity 
of propagation directed, perpendicular to the flame front 
and occurring in a stationar;/ nixture at constant tempera- 
ture and pressure ahead of the flame front." The observed 
velocitj'- of the flame propagation corresponding to this 
will exceed the "fundamental velocity" in proportion to the 
increase in the flame front area as a result of curvature. 

Hhe measurements carried out 'by Cov;ard and Kartvell 
for a mi:u:tti.re of methane and air showed that in a tuhe of 
diameter 5 centimeters (that is, cross—sectional area of 
20 square centimeters) the flame front area varies within 
the range of 60 to 117 square centimeters for variov^s con- 
centrations of methane. Correspondingly, the velocity of 
flame propagation changes from 30 to 90 centimeters per 
second; while the fundamental velocity lies within the 
range of 6 to 37 centimeters per second, 

A particularly strong increase in the flame— front area 
shovrs up in tubes of larger dia.meter vrhere the correspond- 
ing flame propagation velocities may be very high. This 
fact, in particular, must be taken into accoiint in co^p^^t— 
ing safety structures in ventilating systems vjhich handle 
burning gases. 

Measure ment of the normal flame velocity . — Only the 
"fundamental" or "normal" velocity of the flame is direct- 
ly connected v/ith the physicochemical properties of the 
conbu.stible mixture and does not depend on those hydrody— 
namic conditions under vrhich the flame propagation is ob- 
served. She "fundamental" velocity thus acquires the 
significance of a certain physicochemical constant, 

Cov;ard and Paynan (reference 27) give the following- 
formula that talres accoimt of the basic factors* that de- 
termine the velocity of flame propagation: the observed 
flame velocity = fundamental velocity X area of flame 
front/area of tube cross section + velocity of motion of 
burning med.ium, 

*V7e saj' "basic" because here, as in our previous considera- 
tions, no account is taken of the change in the gas pres- 
sure and tempei'ature which occur in combtistion in closed 
vessels and lead to a cor_tinuous change in "fundamental " 
velocity. 
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The measTir ement of the fundamental velocity corre- 
sponding to this formula under conditions of com'bustion 
in a tulie is extremely comT>licat ed , not only because of 
the necessity of measuring the area of a moving flame 
front (as is shovrn in fig, 12) "but also "Deoause of the 
difficulty of determining the velocity of motion of the 
gas. As Coward himself remarks, the method indicated is 
applicable only to such slov/^burning mixtures like those 
of ^lethane and air near the limits of propagation, that 
is, v/here the speed of -comhustion is relatively small and 
where, consequently, it is permissihle to neglect the mass 
flovr of the gas due to the com'bustion. 

Hov/ever limited the application may be, the indis- 
putable service rendered by Coward is that he revealed a 

new source of error in the measurement of flame propaga- 
tion by the classical method of I'lallard and Le Chatelier 
(reference 28). In many investigations of flame propaga- 
tion in a tube since the time of Le Chatelier, although 
special precautions were taken that the combustion should 
take place under conditions of constant pressure (by making 
the ignition end of the tube communicate with the atmos- 
phere or with a constant pressure reservoir (references 
29 and 30)), no attention v;as paid to the possibility of a 
change in the flam e—pr opagat ion velocity due to an increase 
in the flame— front area. Only the tests of Cov/ard have 
shovm the fundamental possibility in the complicated phe-^ 
nomenon of flame propagation in the tube of separating that 
part of combustion velocity v/hich has a fundamental physico- 
chemical significance, A notable confirmation of the cor- 
rectness of the method of Cov/ard is the agreement of the 
value of the normal velocity of flame propagation obtained 
by measurements in tubes with the values for the same mix- 
tures measured in the cone of a Bunsen flame (reference 31). 

The normal flame velocity is measured most simply in 
the flame cone formed by the Bunsen burner. She method of 
measuring the flame velocity was worked out independently 
by Gouy (reference 32) and Michelson (reference 33) based 
on the fact that in the stationary con© of the flame, the 
surface of v/hich is also that of the combustion front, (or 
as denoted by Michelson the "inflammation surface") the 
volume of gas per second flowing out from the burner should 
be equal to the product of the area of the cone by the value 
of the normal velocity of propagation, Shus it "is also 
necessary, in order to determine the normal velocity, to 
measure the area of the flame front. Ihis measurement, how- 
ever, is a vnuch more simple process, as the flame front is 
stat ionary . * 

*The theoretical and experimental treatment of this method 
is given by Chitrin (reference 3l) and Smith (reference 34). 
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She series of photographs o"btainecL liy Chitrin, given 
in figure 13, shows how, for a constant velocity of flow 
of the gas, the surface of the cone decreases v;ith in- 
crease in the flame propagation velocity corresponding to 
the formula Q = uS , where u is the normal velocity of 
flame propagation and S the area of the cone. 

At very large velocities of flame propagation (for 
exajaple, in the case of the comhustion of hydrogen or 
acetylene), it is necessary to increase correspondingly 
the velocity of flow of the gas from the oxirner in order 
to ohtain a flame cone of sufficient height or avoid es- 
cape of the flame into the burner. 

The possi^bility of investigation of flame propagation 
in the "burner is also limited, however, "by the flovj of 
"secondary" air from the surrounding atmosphere toward the 
flame. It is due to this unavoidable dilution of the mix- 
ture flowing from the "bvirner by the sxirrounding air that 
makes it possible to observe in the b-arner a steads'- com- 
bustion of the mixture with excess of the combustible far 
beyond the upper limit of inflammation, for example, of 
mixtures containing up to 17 percent methane (upper eiz— 
plosion limit of methane in air about 13,5 percent). On 
the other hand, owing to the same dilution with "second- 
ary" air in the burner, combustion is impossible for mix- 
tures with such excess of air for which steady combustion 
in a tube is still possible, that is, for mixtures lying 
considerably above the lovrer limit of inflammation, for 
exajnple, mixtures containing less than 7,3 percent methane 
(lov/er explosion limit of methane in air 5,9 percent). 

While the diffusion of air into the flame of a Bunsen 
burner is of only secondary importance, however, and some- 
what changes the composition of the burning mixtuire, in 
some cases (match flames, candles, gas lighters) we are 
dealing with diffusion fla'nes in v/hich the formation of 
the burning mixture is entirely due to diffusion.* 

Among the original methods for studying flame propa- 
gation, an interesting one is that of the "constant- 
pressure bomb" developed in 1926 by Stevens (reference 36) 
and later perfected by Piock (reference 37) and others (at 
the Bure au of Stand ards, USA). 

*'I'he theoretical analysis of diffusion flames is treated 
in the book of Lev/is and Elbe (reference 35 )( chapter XIII ). 
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The vessel containing the con'bust itle "mixture is in 
this case a soap 'bu'b'ble at the center of which is located 
a 'spark gap (fig. 14). Depending on the pressure at which 
the flane Telocity is measured the 1503313 in which the soap 
tuthle is placed is filled with an inert gas up to a cer- 
tain given pressure (ahove or helow atmospheric). Under 
these conditions the propagation of the flame occurs v;ith 
a constant increase in volume, as shown "hy the series of 
photographs on figure 15, and consequently at constant 
pressure, The velocity of propagation of the spherical 
flane front can l)e measured either hy the photographs shown 
on figure 15 or hy the trace of the fleune photographs 
through a narrow slit in the "bomh on a film on a rotat ing ~ 
drum. The flame velocit;'- Sg corr esponr.ing to th.e fangent" 
of the angle of inclination of the flane trace to the di- 
rection of motion of the film (fig, 16) is determined not 
only hy the propagation of the reaction zone relative to 
the gas "but also "by the motion of the {^"ac itself as a re- 
sult of its propagation in the process of comlaustion. The 
degree of this propagation is given "hy -che relation 

2 _ (mr^ )" , ^ vhere r is the radius of the soap bubhle at 
r " 

the instant of inflammation and mr ' its radius at the 
end of comhustion. The normal velocity of the flame is 
then Sj; = Ss » /3. 

The limitation in the application of this method is 
associated mainly v/ith the effect of the soap film itself 
(moisture) on the comhustion, particularly large for such 
gases as CO, 

I'laae -propagation in internal comljustion engines .— Par- 
ticularly complicated are the conditions of flame propaga- 
tion in the internal comliustion engine vrhere together with 
the general reasons for the curvature of the flame front 
( convect io'n ) there are other specific factors, namely, tur- 
bulence caused h;- the passage of the ini::ture through the 
suction valve and the notion of the piston in compression 
and nonuniform ity of the temperature of the comhustion 
chamher, Jloreover the flame propagation takes place under 
conditions of changing volume (due to the motion of the 
piston), changing cross section of the comhustion chamber 
and pressure and temperature of the gas. In short the 
velocity of flame propagation in the engine depends less 
on the reaction properties of the mixtiire and the normal 
combustion rate than on hydrodynamic factors associated 
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vrith the regime of the engine (for example the numher of 
revolutions per minute) and on its design ( par t icular Ijr 
on the shape of comTjustion chamher). In connection with 
this fact the computation of the velocity of flame propa- 
gation in the engine for a given normal rate of comhustion 
ohtained "hy any of the descrihed methods should "be con- 
sidered as irapracticahle. 

Por the ahove reason special importance is attached 
to the methods of direct observation and recording of the 
flame propagation in the engine with the aid of ionized 
intervals at various points of the combustion chamber 
(references 38 , 39, and 40) or photographic recording of 
the flame (references 41 and 42). 

In 1936 Eassweiler and VJithrow (references 43 and 44) 
(General Motors Co.) developed an apparatus by which it 
was possible to obtain up to 2000 flame photographs per 
second through a quarts windovf in the engine head (fig. 17). 
A series of photographs for one cycle for normal engine 
speed as shovm in figure 18 makes possible not only the 
determination of the velocity of flame propagation but also 
the changes in the flame front in the process of combustion. 
One of the effective applications of this method is the 
possibility of visual observation of the entire process of 
combustion in the cylinder by the slow projection of such 
a film on the screen, 

finally, simultaneously v/ith photographing of the 
flame the recording of the changes in press\\re has led to 
the establishment of an important relation between the 
volTjjne and the mass of the fuel charge. This mahes it 
possi-ble, for example, to determine directly by the indi- 
cator diagram which part of the charge has burned at any 
stage of the cycle, as shown in figure 19, 



EETARDED LUHIITOS ITY OP TKS S^LAIIS AlTD SEMPEHArJHS G-SAD lElTS 



She attention of investigators has frequently been 
drawn to the phenomenon of a more or less intensive after- 
luminosity arising in the products of combustion near the 
location of the ignition source. By this luminosit;'- in- 
stantaneous photographs are taken in the combustion of CO 
in a spherical vessel with the ignition spark in the center 
of the vessel (fig, 20)( reference 45). Starting v/ith photo- 
graph 5 when the flame front has almost reached the vessel 
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v/all there appears in the center an intensive luminosity 
gradually spreading to the entire combusti'fale misture, 
[Dhis does not occur only near the spark Ijut lasts longest 
there. The authors experimentally investigating the phe- 
nomenon of retarded luminosity, are inclined to ascribe 
it to the "burning of the non— reacting parts of the carTion, 
the heightened intensity "being explained hy the conhustion 
under relatively higher pressures and temperatures, 

A more correct explanation of the phenomenon of re- 
tarded luminosity was given "by Lev/is and Ton SllDe (loc. 
cit, 166—176) associated hy them vith the formation of a 
temperature gradient in the products of comhustion, as 
was theoretically shov/n "by ilache (reference 46). The oc- 
currence of a temperature gradient "becomes clear from o'b— 
servation of the comhustion of the snail initial portion 
of the charge near the ignition spar Is and the last part of 
the charge at the wall of the vessel. The fundamental 
difference in the combustion of these parts of the charge 
lies in the fact that the combustion of the initial part 
occurs vith propagation at a press-jre almost equal to the 
initial (for example, at pj_ = 1 atm) and is subject to a 
compression, during the process of combustion at higher 
pressures, increasing from pj[ to Pj^g-z i^o^ example, from 

1 to 8 atn). The votIi in compression for this part of the 
charge is consequently considerably higher than the vor'k 
ill propagation. On the other hand, the last part of the 
charge is at first subject to compression from p4 to 
Puax and then burns with proioagation at Pnax* ^^^^^ 

case the worh in propagation is greater than the wor]-z of 
compression. In short the first part of the charge re- 
ceives a certain excess of energy as compared with the 
last part of the charge. At complete equality of pressure 
through all the charge the initial part of the charge is 
at a higher temperature than the last part. 

An idea as to the probable magnitude of the tempera— 
txire gradient can be obtained from the simplified computa- 
tion of Hibaud (reference 47) for the combustion of the 
mixture CO + l/2 0^ + 2 = 2 + 68 calories. With 

the initial temperature Tj_ = 300° K the temperature after 
combustion of the initial part of the charge ( v/ith simul- 
taneous pr ojjagation , that is, at p ~ const) is approxi- 
mately (without taking dissociation into account): 



rn 

init ial 



= 300 + 



68000 



= 2650° S 



13.3 + 2X8 . 1 
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The suTag eq.uen.t compression from the initial pressure 
(l atm) to the final (8 atm) i-aises the temperature of 
the initial part of the charge to 

^'initial = 2650 X 8^-^ = 4900° K, taking 7 = 

°p/<^v - 1.4. The temperature of the last part of the 
charge hefore hurning as a result of the previous compres— 

sion is Tfinal = 300 X 8^*'* = 550° E and after combustion 

I'fi-aal = 560 + = 2800° K 

13.7 + 2X8.3 



Thus the temperature gradient "between the initial and last 
parts of the charge is 4900° to 2800° = 2100°. 

Actually (due to dissociation) the difference in these 
temperatures is cons ider ahl;?- less. Thus for the case of 
the explosion of ozone Lewis and Von Blhe (loc, cit. 175) 
obtained a temperature gradient 2552° to 1825° = 727°. 
In any case it is sufficiently large to explain the in- 
crease in the luminosity in the central portion of the 
charge. 

The existence of a temperature gradient has been shown 
by Withrow and Eass'jeiler (reference 48) by the direct 
measurement of the temperature of the gas in an engine pro- 
vided with v/indows by the method of sodium line reversal. 
The light from a heated tungsten filament the temperature 
of which may be measured and varied within wide limits is 
admitted through the charge, to v;hich have been added 
traces of sodium and into the slit of a spectroscope. By 
means of a stroboscopic disk that instant of the cycle is 
determined at v/hich the nea.surement is made, A number of 
successive photographs of the spectrum v/ith gradual in- 
crease in temperature of the light source show, as is seen 
on figure 21, the t emp er atri.r e at which the reversal of the 
lines occtirs (for v;hich the temperature of the gas becomes 
ec^ual to the temperature of the light source). In the 
given case it lies between 3815° and 4015° I* (that is, 
between 2120° and 2250° I€). 

Finally on figure 22 are shown the temperature data 
for normal and detonating combustion in the initial and. 
latter parts of the charge. The temxoerature gradient 
reaches a particularly large value in detonation (corre- 
sponding to the largo increase in combustion pressure) so 
that the temperature of the burning gas at the spark plug 
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exceeds the flame temperature in the last part of the 
chavge Tjy 390° 0, As pointedly expressed "hy Boyd "the 
highest temperature appears not in the flame hut in the 
ashes.'* 

The temperature gradient in the gas leads to a more 
intensive heating of the part of the comhustion chamher 
near the spark plug. According to the measurements of 
Peletier (reference 49)(at the experimental station at 
Delft) the temperature of the cylinder head walls is here 
50° higher than at the opposite end of the comhustion 
chamher. The heating of the spark plug electrodes caused 
hy the temperature gradient constitutes the danger, par- 
ticularly great for an airplane engine, of preignition, a 
phenomenon which leads to a sharp lowering in the engine 
power and even to the stopping of the engine. To prevent 
this it is necessary to increase the heat conduction from 
the spark plug electrodes and the parts near them and also 
to equalize the temperature gradient hy a more intensive 
turbulence of the charge. 



PLAHE TIBSATION 



The transition from the smooth continuous motion of 
the flame to vibrational combustion had already been ob- 
served by Ilallard and le Chatelier, The flame vibration, 
as shown by Kirkby and Wheeler (reference 50) is accon— 
panied by fluctuations in pressure of the same frequency 
not only in closed but in open tubes for which the pres- 
sure may be equalized. In this connection the tests of 
Coward (reference 5l) carried out in tubes of various di- 
ameters — from 10 to 30 centimeters — and of lengths from 
5 to 30 meters are particularly instructive. The photo- 
graphic recordings shown in figure 23 of the propagation 
of the flame with the corresponding pressure diagram were 
obtained for the combustion of a methane— air mixture (lO 
percent methane) in a 5 meter tube open at the ignition end. 

The dependence of the frequency of the vibrations on 
the length of the tube and the presence of harmonics in 
addition to the fundamental frequencies shoxir that vibra-s^ 
tional combustion is associated with the resonance vibra- 
tions of the gas column. The tests of Coward and Eartv/ell 
have shown that the possibility of the occurrence of vibra- 
tions and the amplitude of the latter, to a strong degree, 
depend also on the condition of release of the explosion 
pressure. Thus by gradually moving up a plate to the open 
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end of the tube the authors obtained a mimlDer of pressure 
recordings shovm in figure 24. The diagrams shov/ the 
place of occurrence of the vibrations and their frequency 
and amplitude (the right— hand scale). The vertical trace 
indicates the instant of ending of the combustion ~ when 
the flame front of the closed, tube reaches the end of the 
tube (length of tube 5m, d = 10 cm). 

The first diagram was obtained under conditions corre- 
sponding to figure 23, that is, at full opening at the ig- 
nition end of the tube. The vibrations die down and finally' 
completely vanish on placing in front of the open end of 
the tube a plate v/ith a small aperture (aboiit 15 mm) or a 
piece of glass wool. At full closure of the tube, however, 
vibrations again arise with a considerable increase in the 
amplitude and rise in the rate of combustion. The same 
change in the conditions at the ignition end — a gradual 
decrease in the aperture — in a tube of diameter 30 centi- 
meters did not lead to a suppression of the vibrations but 
only to an earlier occurrence. 

The practical significance of these tests is directly 
connected with the explosive effect of vibrations, and on 
the basis of their results obtained in tubes of small di- 
ameter (about 10 cm) the authors recommend protective 
screens with a certain aperture by which the vibration can 
be suppressed. 

Many investigators have attempted to associate vibra- 
tional combustion with "knocking" in the engine.* This, 
however, has been disproved by direct investigation of 
detonating combustion in the engine and also by the further 
study of vibrational combustion itself. 

By comparing the amplitude of the pressure fluctua- 
tions arising in combtistion in a bomb for various fuels 
Kuchling (reference 52) cane to the conclusion that "the 
chemical structure of the fuels and also their associated 
physical properties, for example, the s elf— ignit i on temper- 
ature (and we may add the detonation characteristics) con- 
trary to all expectation show only an entirely negligible 
effect on the occurrence of vibrations (or as the author 
calls them the phenomenon of knock) in the bomb." 

It is sufficient to show that the amplitude of vibra- 
tion for benzol, toluol, or ethyl alcohol (a fuel with 
maximum detonating stability) was the sajne as that for heptane. 

*I'or a discussion of these papers see article by Sokolik and 
Voynov (reference 42). 
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It was moreover observed "by Zuchling that the par- 
tial su-Qst itut ion of nitrogen "by oxygen leads to a sup- 
pression of viTaration with a simultaneous increase in the 
rate of comhustion. The necessity for the occurrence of 
vihration at some q.uite definite speed of comhustion cor- 
responding to conditions of resonance is indicated hy the 
fact that v;ith hydrogen the maximum amplitudes of vihra— 
tion v/ere ohserved "both with the mixture with maximum 
speed of oomhustlon (36 percent Hg, speed of the flame 

35 m/sec) and v:ith the limit of inf lammahility (10 percent 
Hg, speed of the flame about 1 m/sec). 

Lewis and Von Elbe (loc, cit, 317) reject any con- 
nection of vibrational combustion v;ith the phenomenon of 
resonance and assert, for example, that (under certain con- 
ditions) "the phenomenon of vibrations does not depend on 
the size and shape of the vessel." This statement is sin- 
ply untrue. Their ov;n very f ev; experiments with hydrogen- 
air mixtures led them to the conclusion that the occurrence 
of vibrations vjas associated with the presence of excess 
oxygen or nitrogen, particularly of the first (v/e may note 
that vibrations with maximum amplitude were observed by 
E-fichling also in mixtures with oxygen deficiency). An origi- 
nal explanation of vibrational conbustion is proposed by 
Lev/is and Yon Elbe, nanely, that it is due to an "excitation 
lag," a lag in the establishment of uniform distribution of 
energy between the kinetic and internal (vibrational) ener- 
gies of the molecules 0^ and Hg. This lag and conse- 
quently the abnormal excesses of kinetic energy is greater 
the lovrer the combustion temperature and for this reason 
according to the authors it should be particularly sharp 
in strong dilutions with oxygen and nitrogen. The "excita- 
tion lag" denotes a certain change in the heat capacity 
v/ith time, namely, its gradual increase with establishment 
of eqiiality of energy distribution. The transformation of 
an excess of kinetic energy into vibrational should be re- 
lated to the lowering of the pressure in accordance with 
the equation: 



S/2 pv = Hl/2 mV^ 

The heating of the internal gas layers due to compres- 
sion in the process of combustion leads to a rapid estab- 
lishment of uniform energy distribution and to a decrease 
in the volume of this part of the burning gas; hence the 
formation of a mass gas flow directed inwards and the oc- 
currence of pressure waves. 
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In evaluating the al)ove hypothesis account should he 
taken of the fact that it proceeds from the necessary ex- 
istence of those conditions which produce a temperature 
gradient in the products of comoustion and xirhich arise 
naturally only in closed vessels, Tihrational explosions, 
hoxirever, as follows from the tests of Coward and many 
other investigators as far hack as Mallard and Le Chatelier, 
are also ohserved in open tuhes where these conditions do 
not ohtain, where there is no adiahatic compression of the 
gas increasing viith the comhustion and a corresponding in- 
crease in the temperature of the nucleus and where, on the 
contrary, the temperature of the comhustion products is 
continually lowered due to heat transfer. For this reason 
the hypothesis of Levfis and Von Elbe at the most may have 
limited application to the case of comhustion of lean mix- 
tures in closed tuhes. 



DET0irA5!I0H 



Str uc ture of ex"losion v;ave .— According to the classi- 
cal concepts (reference 53) as to the cavises underlying 
detonation or explosion waves the latter represents a si- 
multaneous propagation \fith the sane velocity (exceeding 
the velocity of sound) of a shock wave (that is, a wave 
v/ith an instantaneous large increase in pressure) and a 
couhustion v;ave. An exact coinciding of hoth wave fronts 
v/as generally assumed, as schematically represented in 
figure 25A. This means that the instantaneous pressure 
produced hy the shock wave should give rise to an instan- 
taneous (that is, with zero lag) s elx"— ignit i on of the gas 
mixtur e. 

The propagation of a coiihustion v;ave with the sane 
velocity as the shock wave leads to the following funda- 
mental differences hetween detonating and normal comhustion: 

1. In donating comhustion self— ignition of the gas 

arises from adiahatic compression of the gas 
"by the shock v/ave according to the dynamic 
adiahatic of Hugoniot v/hich differs from the 
usual Poisson adiahatic as shov;n in figure 
26 by the higher increase in the pressure for 
the same decrease in volume. 



2, In detonating comhtistion the condition of mixture 
ahead of the explosion wave front remains 
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unchanged and the s elf— ignit-ion conditions of 
each layer of the, gas also remain unchanged. 
Ihe explosion wave thus represents in its very 
nature a stationary type of coai'faustian propa- 
gation, 

. 3* finally in detonating explosion a continuous 

eq,ualizat ion of the pressure throughout the 
volume of the gas occurring simultaneously 
with the flame propagation is not possible 
(as with normal comhustion) since the pressure 
wave is propagated simultaneously v/ith the 
flame front and with the same velocity. 

The investigations of recent years have led to a 
fundamental correction in the concepts as to the struc- 
ture of the explosion wave. Different authors almost 
simultaneously and independently of one another came to 
the same conclusion, namely, that in the detonation wave 
there always, except perhaps for special cases, occurs a 
certain interval tetween the explosion v;ave front and 
that of the comliustion wave as schematically represented 
in figure 25B. 

Bone and his coworkers (reference 54-) in 1935 pub- 
lished the results of an e::tensive investigation on the 
structure of a detonation wave which he studied v;ith the 
aid of a new high— speed photographic Praser camera, fig^ 
ure 27, The flame is photographed on a stationary film 
v;ith the aid of a mirror silvered on both sides and ro- 
tating in an evacuated chamber (to decrease the resist- 
ance at the high rotative speed of the mirror). The 
appai'atus gives a record corresponding to a linear ve- 
locity of the picture on the film up to 1000 mdters per 
second, Ehe photograph shovm in figure 28 gives a de- 
tailed analysis of the process of formation of explosion 
waves in the mixture 200 + Og notwithstanding the fact 

— 4 

that the entire process lasts no longer than 10 
second. 

The self— ignit ion in a shock vrave initiating the 
detonation occurs at the distance of 64 millimeters from 
the flame front, Prom the point of view of Bone this 
distance is the maximum v/ithin vjhich ''the radiation £rom 
the flame front, absorbed by the compressed gas in the 
shock wave, may lead to stich rise in the temperature and 
intensity of activation of the molecules as will result 
in self-ignition in the shock wave" ( loc. cit. 39), 
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Although an interval Tsetween the flame front and the place 
where the detonation wave arises was olaserved "by Bone with 
sufficient distinctness only for car"bon monoxide the oh— 
servation provided him with a "basis for reaching a general 
conclusion that "the detonation wave must he looked upon 
as the more or less stahle comhination of two separate and 
separahle components, namely, an intensively luminous flame 
front and an invisihle shock wave immediately ahead of it" 
(loc, cit, 31), 

The instability of the explosion wave and the "separa— 
hleness* of "both components of the same mixture is proven 
hy Bone hy a numher of phenomena. Thus on decreasing the 
diameter of a tuhe to 3,5 millimeters (near the limiting 
diameter for the propagation of the explosion wave) there 
is observed a periodic extinction of the detonation wave 
"as a result of the cooling effect of the v/alls." The same 
periodic extinction of the detonation wave occurs on passage 
of the waves through a narrow layer of nitrogen (about 6 
mm) the velocity of the v/a-re dropping from 1800 to 700 miles 
per second, or on placing a section of the explosion tube 
in the field of a poiirerful electromagnet directed along the 
tube axis (a drop in the velocity by 90 m/sec) or finally 
on passage through an electric field (the velocity drops to 
almost half its Value part ic\ilar ly in the passage of the 
wave from the cathode to the anode explained by Bone as 
due to the drawing off from the wave front of C + 0 ions). 
All these tests according to Bone shov; that even a slight 
slov/in.g in the flame front (due to the action of one of 
the factors given above) leads to a complete breakdown of 
the tinstable relation between the combustion zone and the 
wave front and to a complete separation of the forward 
shock xirave from the flame front. In his conclusions Bono 
does not remark on any possible relation between the struc- 
ture of the explosion wave and the kinetic properties of 
the mixture although his tests do give some indication of 
such a relation. We may note that neither the characteris- 
tic "interval" during the occurrence of the detonation 
v/ave ( self— ignition ahead of the flame front) nor the ex- 
tinction of the wave in passing through an electric field 
were obtained for many other oxygen mixtures investigated 
by Bone, such as hydrogen and. methane. 

The relation beti-zeen the strticture of the detonation 
v/avc and the kinetic properties of the mixture is most 
clearly brought out by the detonation limits, that is, by 
mixtures of the limiting concentrations at which detona- 
tion v/aves may arise. A systematic investigation of the 
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detonation limits in our laboratories (references 55 and 
56) has provided frequent examples of the fact that the 
unstable character of the detonation v;aTe is closely con- 
nected v/ith the chemical characteristics of the mixture; 
thus, for example, in mixtures of CO v/ith oxygen the limit- 
ing detonation wave presents the character of a stable 
wave v/hen small amounts of hydrogen are added (which fact 
is associated with the sharply accelerating action of hy^ 
drogen on the oxidation of carbon monoxide); on the con- 
trary in mixtures of methane with oxygen the detonation 
xirave becomes less and less stable as the mixture is diluted 
with nitrogen. 

In correspondence with the scheme of figure 25B a 

stable propagation of a detonating vjave is possible tinder 
conditions where the s elf— ignit i on lag at the pressure 
and temperature of compression in the shock v/a-ve does not 
exceed a certain limiting value, otherwise the gas layer 
is in a rarefaction zone following the compression (in 
the shock v/ave) and cools before s elf— ignit ion can occur. 
Thus notwithstanding the extremely small time interval 
during v/hich the gas is traversed by the shock wave the 
possibility of its s elf— ignit ion (and this is the funda- 
mental condition for the existence of an e::plosion wave) 
will be determined by the kinetics of the oxidizing re- 
actions during compression in the explosion wave, Proin 
this point of view some interval between the shock wave 
front and the combustion wave should occur in every ex- 
plosion v/ave and should show up most sharply near the deto- 
nation limits. 

The greatest direct confirmation of the above con- 
clusions is provided by tests in which throtxgh certain 
small additions of Hg or OgHg (up to 0,3 percent) to 

nondet onat ing mixtures of CO with air a stable propaga- 
tion of an explosion wave was obtained, She energy of 
combustion of the mixture remained unchanged but its re- 
action ability was increased, 

She kinetics in the reaction zone can be affected 
also by varying, for example, the power of the shock wave, 
that is, by an increase in its pressure and t empez'atur e , 
Ihis is the object of the tests of P.ayman (reference 57) 
vj-ho first obtained the propagation of an explosion wave 
in a methane— air mixture by inflammation from a shock x-zave 
due to the explosion of a powerful charge of fulminating 
mercury (50 g)," In this connection it would bo interest- 
ing to obtain a detonation v;ave in the same methane— air 
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mixture ty the addition of small ciuantities of ^0^^ the 

catalyzing "action of which on the oxidation and self- 
ignition of methane is v/idely knovn (references 58 and 
59). 

Detonation spin .— With the structure of the detona- 
tion wave there is associated, though not yet clearly, 
the phenomenon of "detonation spin" giving a characteris- 
tic "stratified" structure on the photographs of explosion 
waves (fig. 89), As far "bacic as 19 26 Cajnphell and his co- 
workers (reference 60) on the Taasis of their tests cane to 
the conclusion that such a character of the photographic 
recordings was due to the motion of the debcnation wave 
front along a spiral path. This among other things is coji- 
firmed by the face that the detonation wave leaves a spiral 
trace on the walls of a tube covered by a layer of silver 
or lead, the pitch of the spiral exactly agreeing with the 
pitch measured on the photographs.-* 

Ihe assuiiiption was natural that the "spin" was con- 
nected not only with the spiral motion of the combustion 
zone but also vrith the motion of the gas. The method of 
high— speed photographic analysis v;ith the aid of the Praser 
apparatxis shovred, hov^ever, the incorrectness of this as- 
sumption and has led to a new treatment of the phenomenon 
of detonation spin. The photograph in figure 30 of a det- 
onation wave in a mixture of 2C0 + 0^ shows that the 

"stratified" structure which vre see on figure 29 actually 
presents, as the authors write, a "secor.dary effect" formed 
by the intersection of two series of lines, one of then 
due to luminous particles moving ahead of the v;ave front 
v;ith a velocity of 780 meters per second (this is the mass 
velocity u forming one of the velocity components of the 
detonation wave: D = u + c, where c is the velocity of 
sound at the corresponding temperature); the second series 
of lines is the trace of the compression v/aves traveling 
through the heated medium with the resultant velocity 320 
meters per second (this velocity is equal to 1100 to 780 
m/sec, that is, the difference between the true velocity of 
the compression wave and the oppositely directed velocity 
of the gas). This shows that during each complete rotation 
of the detonation v/ave there is a sudden inflammation of a 
portion of the gas at the instant vjhen the shock wave front 
passes through or immediately thereafter (loc. cit. 38). 

*Por a reviev/- of these papers see my monograph, "Combustion 
and Detonation in G-ases." pp. 43—49, 1934, 
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On the basis of these detonation tests the detona- 
tion V7ave must be considered not as continuous process of 
combustion wave propagation simultaneously with the shock 
wave but as a periodic s elf— ignit ion of the gas caused by 
the shock wave. 

The observations of various investigators indicate 
a direct relation between the periodic character of det- 
onating combustion and a wave structure such that it is 
possible to assume a more or less considerable interval 
betv/^een the s elf— ignit i on point and the shock wave front. 
Thus in the tests of Bone and Praser (reference 61) the 
f^spin" is always observed near the occurrence of the det- 
onation v/ave; whereas in the steady v;ave it is absent in 
some mixtures (or in any case not observed). The ex- 
tinction of the detonation v/ave in passing through a layer 
of an inert gas or an electric or magnetic field also re- 
fers only to a wave with a '^spiral" structure. 

In the tests of Breton (reference 62) and our own 
(reference 55) spin was almost always observed in mixtures 
near the detonation limits (including hydrogen mixtures), 
that is, where self— ignit ion in the detonation wave oc- 
curs with maximum possible lag and vanishes as this lag is 
reduced by adding, for example, hydrogen to mixtures of 
carbon monoxide. 

Attempts at a theoretical analysis of the phenomenon 
of detonation spin (references 63 and 64) so far have only 
a qualitative character and lead practically to the es- 
tablishing of a periodic self— ignit ion in the shook wave 
v/ith a certain lag but in no way explain the occurrence of 
rotation of the detonation wave front. 

¥e may note, finally, that the propagation of detona- 
tion waves in solid explosive substances likewise gives a 
spiral trace (reference 65) explained by Iluraour (refer- 
ence 66) as due to the occurrence in the gas at supersonic 
speeds of periodic alternations of compression and rare- 
faction . 

Detonation in t he int ernal co mbustion e ngine . — The 

aioplicatioa in our laboratories of the high— speed photo- 
graphic method to the investigation of combustion in the 
engine has led to the establishment of a fundamentally im- 
portant fact, namely, the formation in the engine under 
knocking conditions of an explosion v/ave with all its char- 
acteristic properties (reference 42). With this \ias con- 
cluded a certain stage in the investigation over many years 
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of the natiire of detonation in the engine and again the 
question was raised as to the mechanism of its occurrence. 
At the same time our tests led to a number of new attempts 
at treatment of the detonating comhustion in the engine 
such that it would not ."be necessary to identify such com— 
hustion with an explosion wave. In describing detonation 
v;aves large use is made of the tests of i/ithrow and Eassweila: 
with their high— speed camera recordings, 

Pigure 31 shoxirs six series of photographs obtained on 
a detonating test engine (see fig. 17) starting from the 
instant directly preceding the detonating explosion. Up to 
this instant the flame propagation in no way differs from 
the normal regime of the engine. The authors note as a 
characteristic property of detonating combustion the appear- 
ance of a flame center (or centers) ahead of the primary 
flame front indicating s elf— ignit ion in the last" part of 
the charge. On this basis it is stated that "knock is 
certainly not the result of a sudden increase in the veloc- 
ity of propagation ahead of the flame" but is the almost 
instantaneous propagation of the flame from the self— igni- 
tion center. Pinally, it is remarked that the "detonating 
self— ignit ion" of the last part of the charge leads to a 
sharply accelerated motion of the gas in the main part of 
the combustion chamber and directed toward the spark plug. 

Just \irhat is new in these observations? They shov/ 
first of all that the flame under knock conditions envelopes 
the last part of the charge for a time less than the in- 
terval between two successive exposures (2*^ rotation of 
the crankshaft, corresponding at 900 rpm to 1/2700 sec). 
This can give only a lower limit of the velocity of flame 
propagation in knock, namely, that it is above 180 meters 
per second. At the same time our measurements conducted at 
considerably higher recording velocity (accurate to 0.1° 
of shaft rotation) give the true magnitude of this velocity 
as 2000 meters per second. 

As regards the place of origin of the detonation our 
recordings (fig, 32) likevrise shov/ v;ith great clearness 
that self— ignition often accompanies detonation vraves prqpar- 
gat ed at a small velocity. The detoaation wave may arise 
simultaneously both from the primary flame front and from 
the secondary formed during s elf— ignit ion . (See fig. 32C.) 
Finally of special importance is our observation that at 
relatively early s elf— ignit ion the occurrence of detonation 
generally becomes impossible. 
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In 1938 Laffitte (reference 67) proposed, a new de- 
scription of detonating conr'bustion in the en-g-ine (to ex- 
plain the v/^ave velocities obtained "by us) on the, "basis 
of his analogy with the phenomenon of "flame rejection," 
By exploding a detonating mixture of Tsutane or acetylene 
with oxygen in a glass tuhe separated from another open 
tulJe "by a thin celophane diaphragm Laffitte obtained 
photographs similar to those shown in figure 33, 

fundamentally these are the usual photographs of det- 
onation waves arising as a result of a pr edetonation travel 
of the flame (see below) and sharply differ from the photo- 
graphs of detonating combustion in the engine where the 
sudden formation of detonation waves is characteristic, 
Laffitte, however, calls attention to the fact that here 
self— ignition arises at the place of the celophane ruptiire 
(which fact as we have seen indicates a special structure 
of the explosion wave) and that the propagation of the 
flame with the detonation velocity (1700 to 1900 m/sec) 
takes place in the second, open tube ( in a small part of it) 
in the gas immediately after the diaphragm rupture. An 
analogous flame ejection with increased velocity occurs ac- 
cording to Laffitte also in the engine from the self— igni- 
tion centers forming the so— called "dissociating detonation" 
(a term of Jouget identical with the concept of a finite 
interval between the shock wave and combustion wave fronts 
(reference 67a), 

The "theory" of Laffitte v;idely acclaimed in Prance* 

in no way offers anything new as to the nature of detonat- 
ing explosion in the engine as announced by the author but 
only repeats the conclusions of Withrow and Eassweiler re- 
garding the position of origin of detonation, making use 
of an entirely arbitrary analogy between combustion in the 
engine and in tubes. 

finally Broeze (reference 68) (director of the experi- 
mental station at Delft) proposes still another explanation 
of our tests as schematically presented in figure 34a, 
This author writes J "When the secondary flame (from self- 
ignition at centers 4to5) is propagated from the lateral 
part of the chamber its front may cut out a narrow field 
of vievr in the windoiir under a certain angle so that the 
measurement of the velocity as presented by Sokolik and 
Toynov is incorrect." 



*See the article in iTouvelles de la chimie, March 1939, 
no. 51, 
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This curious interpretation of our photograph records 

is partly due to an insufficient study of them for other- 
v/ise the author v/ould oliserve also the occurrence of a "re— 
tonation" v/ave (see fig. 34T3) v?hich cannot "be explained as 
an optical illusion, and parti;?- to a strange assumption 
that in all the tests the secondary flame front by chance 
passes through the field of view always under the same 
angle corresponding to the detonation velocity. Finally 
the explanation of Broeze is conveniently silent regarding 
the source of formation of reflected shock waves v;hich, as 
v;e have shown, are formed ty the deton.ating and retonating 
\iraves and a long time after the end of comhustion are still 
propagated in the cylinder with supersonic velocities. 

Ehus our test results indicating the formation in the 
knocking engine of an explosion v/ave are in no v;ay shaken 
"by the succeeding investigations and as 'before must lie at 
the 'basis of modern concepts as to the nature of detonation 
in the engine. 

Eow then is the mechanism of detonation in the engine 
to "be pictured? It is necessary first of all to note par- 
ticularly the principal dif f er enc es in the processes of 
formation of detonation waves in oxygen mixtures in the 
tuhe and in the engine. In the first case a shock v/ave 
arises through the accumulation of successive compression 
waves. This process, theoretically descri'bed 'by Jouget 
(reference 53) and Becker (reference 69), was experimentally 
reprodticed 'by Payman (reference 70) with the aid of the 
Toepler method permitting the o'bservation of compression in 
the gas after the passage of a compression wave -(making use 
of the change in optical density of the medium) > 

The photograph recordings in figure 35 show that the 
detonation wave in tuhes arises at the place v/here a series 
of compression waves unite and as a result of the flame 
dispersal in the pr ed-etonation period. 0?ha,t another source 
must he assumed for the formation of a. shock wave in the 
engine follows from the fact that the propagation of the 
flame "before the occiirrence of the detonation in this case 
in no May differs from the conliustion under normal engine 
conditions and, as shov/n "by our photograph records, and 
those of Ij'ithrow and Rassweiler, -the propagation takes place 
at a small velocity (15 to 20 m/sec). This and a ntunher of 
other considerations* forces us to the conclusion that the 



*See my article in Progress in Chemistry (USSS), 7, 976, 
19S8. 
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formation of the explosion wave in the engine is entirely 
conditioned hy a pr einf lammation oxidizing process in the 
last .part of the charge. 

Without going into the chemistry of this process, vre 
may remark merely that it is analogous to the pr einf lamma- 
tion processes v;hich take place in the first stage of the 
induction period in the self— ignit ion of hydr ocarhons in 
the low^t eaperatur e zone (see fig, 7) and which consist 
essentially in the accumulation of critical concentrations 
of the active products of the intermediate oxidations (per- 
oxides). It must he assumed that these products are not 
uniformly distrihuted over the entire volume of the last 
part of the charge "but, as alv;ays occurs in preignition 
oxidations, are locs,lized in individual portions of it. 
The inflammation of these centers v/ith critical concentra- 
tions of peroxides hy the flame front tongues should occur 
with a limiting short lag and with the formation of a local 
sharp pressure rise. Shis is the shock wave initiating 
the explosion wave in the remaining part of the charge. 

This mechanism of the formation of the shock and det- 
onation v;aves in the engine differs from the "nuclear" 
theory of detonation recently proposed hy Serruys (refer- 
ence 7l) in this essential respect, namely, that the latter 
theory considers the formation of the shock vrave as an im- 
mediate result of the inflammation of individual centers 
(n\\clei) due to their heating, an assumption w^hich, as we 
have seen, contradicts direct observations, 

The proposed explanation leads to the interesting con- 
clusion that one of the effective methods • of suppressing 
detonation in the engine may "be an intensive mixing of the 
last part of the charge thus preventing the formation of 
local centers v/ith high concentration of peroxides. This 
is possihly the explanation of the notahle ant idetonat ing 
properties of the comhustion chamber construction of Serruys 
shown in figure 36. The concentric grooves, from this 
point of view, not so much increase the cooling of the last 
part of the charge (to which Serruys himself ascribes the 
ant idet onat ing effect) as" make possible a tiirbulence and 
mixing of tt..e. charge thus rendering difficult the formation 
in the chamber of "detonating inflammation." 

Translation by 5. Reiss, 
national Advisory Committee 
for Aeronautics. 
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Figs. 1, 2, 3, 4 





Figure 2.- Derivation of 
the limiting 
conditions of self^lgnltion 
(Semenoff ) . 




Figure 3.- Limits of the 

region of self- 
ignition of hydrocarbons 
within a large pressure 
interval. The dotted lines 
(T) denote the limits ac- 
cording to Townend. 



Figure 1.- Self-ignition in an ad- 
iabatic bomb (Dickson and Bradshaw). 



Figure 4.- Sketch of ap- 
paratus for 
the Investigation of 
self-lgnltion. 

1, prechamher; 

2 , bomb 

3, quick-action valve; 

4, window for visual 
observation', 

5, diaphram manometer. 
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Figure 5.- Examples of pressure recordings during 
self-ignition. 
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Figure 6.- Differential, op- 

tic€uL maxiometer 
for the study of the kinet- 
ics of the explosion proc- 
ce8s( design of A. N. VoynoT 
and I. BikOT). 



Figure 7.- Pressure dlagraa obtaindd with the aid of the differential 

indicator for the self-ignition of heptane (ibests of Xrarets 
and TantoTsky). 1, cold flame; 2, hot flame. 
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figure 9.- Set-up for the inve-stigation of self- 
ignition of a gas by heated particles. 
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figure 10.- Effect of the diameter 

of the particles on 
the self- ignition temperature of 
gases for t— 0 (Silver). 



figure 25.- Schematized ejcplosion 
wave: A- exact coinci- 
dence of the flame front (?) T»ith 
the front of the shock wave (G)J 
B- 7;ith an interval "beti/een th^. 
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Figure 26.- Hugoniot 

adiahatio 
(K) and Poisson ad- 
iabatic (P) . 
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Figure 12.- Series of instajitaneous 

photographs of flsune 
propagation in tubes (Coward and Hartwell). 



Figure 11.- Explosion of coal dust in a mine 

opening. Top- ejection of dust 
cloud: bottom- flame front. 




Figure 14.- Soap bubble 

in which 
flame propagation at 
constant pressure Is 
observed. 
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Figure 13.- Increase in 
cone area of 
the flame on lowering 
the normal combustion 
velocity (Chitrin). 



Figure 15.- Instantaneous 

photographs 
of a spherical flsune front 
for combustion in a soap 
bubble (Fiock and Marvin). 
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Figs. 16, 17, 18, 19 





Figure 17.- Head of a single- 
cylinder engine 

in a Boat) bubble develoDed quartz top (Withrow and 

in a soap ouDDie aeyexopea Rossweiler) 1. spark plug 
on a moving film (Stevens). . . * Lirr/^ ^ ^ 



Figure 16. 7 Flame 

propagation 




Figure 18.- Series 
of 

instantaneous pho- 
tographs of the 
flame front for 
normal operatiojn 
of the engine 
(Withrow and 
Rassweiler) . 
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Figure 19.- Relation between 

the increase in 
pressure due to combustion (9) 
and the mass of burning charge 
(+); TDC- top dead center 
(Withrow and Rassweiler). 




3. C,3 



4. 9,2 




S. 31,i 





Figure 21.- 8pectr\im showing 

the reversal of 
the sodium lines on gradually 
increasing the temperature of 
the light source 
(Withrow and Rassweiler) . 
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Figure 22.- Temperature at various 
parts of the charge for 
normal and detonating combustion 
in the engine (Withrow and Rassweiler) 

1. 10° after ignition, 

2. 45® after ignition, 

3. 10° after ignition, 

4. 35° after ignition. 
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Figure 20.- Series of instantaneous photographs with retarded 

luminosity for the combustion of carbon monoxide 
(Ellis and Wheeler). The figures under each picture denote the 
time from the instant of flash in thousandths of a second. 




Figure 29.- Detona- 
tion 

spin in the mixture 
2C0 + Og (Bone and 
Fraser) . 
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Figure 27.- High-speed mirror 

axraogement of 
Fraser camera. 




Figure 23.- Photographs of vibrational combustion 
with the pressure diagram for the com- 
bustion of methane in an open tube (Coward and 
Hartwell). 



Figure 28.- Photo- 
graph 

of explosion wave 
in the mixture 
200+02 (Bone, 
Fraser and Wheeler) . 
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Figure 24.- Variation of the amplitude of vibration of tlie pressure 
for various degrees of opening of the tube (Coward and 
Hartwell). Ap change in pressure in pounds per square inch. 
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Figs. 30, 31, 32 
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Figure 30.- Detonation 

spin in 
the mixture 2C0 + O2 
obtained at high speed 
(Bone, Fraser and 
Wheeler) . 
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Figure 31.- Series of instantaneous photographs of 

detonating combustion in the engine 
(V/inthrow and Rassweiler) . 





BMT 

20 
■ 4fi 
yo 



-s 




■'tifr " 



Figure 32.- Record of detonating combustion in the 

engine (Sokolik and Voynov). 
H - self -ignition ahead of the primary flame front. 
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Figure 33.- Record of 

flame 
"ejection" in a mix- 
ture of butane and 
oxygen (Laffitte). 
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Figure 34.- a, possible 
explanation 
of Sokolik and Voynov, 
side centers of inflammation; 
b, scheme of high speed photo- 
graph record of detonation 
wave in the engine 
(Sokolik and Voynov). 
F, primary flame front; 
D, detonation wave; 
R, retonation wave; 
C, reflected shock wave. 




Figure. 36.- Antidetonating 

oombustion 
ohattber ( Serruys ) • 



Figure 35.- Recording of flame (upper picture) 

and shock wave (lower picture) 
during the formation of a detonation wave in 
mixtures of ethylene with oxygen (Payman and 
Titman) . 
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